This research documents an effect of reactor turbulence on the ability of gram-negative wastewater biofilm bacteria to actively transport L-aspartate via a binding-protein-mediated transport system. Biofilms which were not preadapted to turbulence and which possessed two separate and distinct aspartate transport systems (systems 1 and 2) were subjected to a turbulent flow condition in a hydrodynamically defined closed-loop reactor system. A shear stress treatment of 3.1 N * m-2 for 10 min at a turbulent Reynolds number (Re = 11,297) inactivated the low-affinity, high-capacity binding-protein-mediated transport system (system 2) and resolved the high-affinity, low-capacity membrane-bound proton symport system (system 1). The Kt and Vmax values for the resolved system were statistically similar to Kt and Vmax values for system 1 when system 2 was inactivated either by osmotic shock or arsenate, two treatments which are known to inactivate binding-proteinmediated transport systems. We hypothesize that shear stress disrupts system 2 by deforming the outer membranes of the firmly adhered gram-negative bacteria.
Reactor turbulence is an operational parameter that can be used to improve rates of substrate removal by biofilms in such fixed-film wastewater treatment systems as rotating biological contactors, expanded beds, and fluidized beds. By increasing fluid velocity, and hence reactor turbulence, resistances to substrate diffusion in the boundary layer are minimized, and the intrinsic kinetics of substrate incorporation may be observed. Increased fluid velocities have been shown to improve the rates of substrate incorporation or removal by wastewater biofilms (6, 19, 20, 22, 23, 36, 37) . There are, however, detrimental effects associated with increased levels of reactor turbulence. Shear stresses can (i) detach biofilms (4, 5, 32, 36, 37) , (ii) affect biofilm composition (25) , (iii) compress the biofilm (7, 29) , and (iv) detach adsorbed (30) and adhered (13) bacterial cells. There has been no research to date on detrimental effects of shear stress on the cellular physiology of biofilm bacteria.
In an accompanying study (14) , we observed that a Lineweaver-Burk analysis of initial velocities of aspartate incorporation by thin wastewater biofilms revealed a curvilinear and concave-down plot. This curvilinearity was due to incorporation by two separate and distinct transport systems (systems 1 and 2) rather than to mass transfer limitations or negative cooperation at one transport site. System 1 was resolved by inactivation of system 2 with either osmotic shock or arsenate. System 2 was resolved by inactivation of system 1 with dinitrophenol. System 1 was described as a high-affinity, low-capacity proton symport, and system 2 was described as a low-affinity, high-capacity binding-proteinmediated transporter. System 1 predominated when substrate concentrations were low (less than 40 ,uM), whereas system 2 predominated when concentrations were high (greater than 80 ,uM). System 2 was also less specific for aspartate than system 1 in the presence of analogs. We observed that the binding-protein-mediated transporter was probably important for transporting substrate as a carbon source because of its greater capacity and lower specificities.
Periplasmic binding proteins are susceptible to inactivation by treatments which increase the permeability of the * Corresponding author.
outer membrane of gram-negative bacteria (12, 17, 28, 33, 38) . In previous work (T. T. Eighmy, unpublished data), we observed that increased fluid velocities in a closed-loop reactor system (CLRS) appeared to inactivate system 2, and we suspected that shear stresses associated with turbulent flow were responsible by increasing the permeability of the outer membranes of the firmly adhered gram-negative bacteria. The purpose of this research was to test that hypothesis by subjecting thin biofilms to a defined shear stress and then examining the kinetics of aspartate incorporation under a static condition.
We report a more subtle detrimental effect of shear stress on wastewater biofilms. A shear stress pretreatment of 3.1 N * m2 for 10 min at a Reynolds number (Re) of 11,297 was sufficient to inactivate the binding-protein-mediated aspartate transport system (system 2) and resolve the membranebound aspartate proton symport (system 1).
(Portions of this material were presented at the Second International Conference on Fixed-Film Biological Processes, 10-12 July 1984, Washington, D.C.) MATERIALS AND METHODS Biofilm sampling device. We used tubular sampling devices which were suitable for submersion in a wastestream, bacterial colonization, and use in the CLRS. The sampling devices are described elsewhere (14, 15) . The only modification to their construction included the use of silicone sealant to seat the threads of the nylon screw so that the seal was watertight. The process used to establish the biofilms in the sampling devices is given elsewhere (14, 15) . Biofilms were established at very low wastewater flow velocities. Sampling devices with biofilms of known age (either 16 or 18 days old) were returned to the laboratory and maintained in dilute (10%) primary effluent before use. Loosely bound bacteria were removed from the tubes by gentle rinsing so that only firmly adhering bacteria remained on the stubs. Light microscopic techniques were used to examine the composition of the biofilms before and after a shear stress treatment and to estimate biofilm thicknesses (15) .
CLRS. We used the CLRS to subject the adhering biofilms to a shear stress treatment under defined fluid flow condi- tions. The CLRS was similar in design to those reported elsewhere for studying biofilms under defined flow conditions (4, 5, 9, 25, 26, 29) . The CLRS ( Fig. 1 ) consisted of the following: the colonized tube with polyvinyl chloride collars, flexible polyvinyl chloride tubing with access ports, a variable-speed centrifugal pump with a voltage regulator, and a stroboscope. The desired fluid velocity was maintained in the closed loop by adjusting the voltage to the pump so that the pump fan was visually motionless in the beam of the stroboscope set at a predetermined flash rate.
Fluid hydrodynamics. Fluid flow through a pipe is well documented (24, 34) ; consequently, a number of studies have used tubular reactors to study the effects of fluid flow on biofilms (4, 5, 9, 25, 26, 29) . We had to determine a number of hydrodynamic parameters associated with a specific fluid velocity and flow condition within the sampling tube to determine the average shear stress. In previous work (T. T. Eighmy, unpublished data), we suspected that a shear stress associated with an Re of 11,297 inactivated the binding-protein-mediated transport system, so we used that highly turbulent fluid flow condition as the shear stress treatment. The definitions and equations describing the Reynolds number (Re, a dimensionless parameter), the mean fluid velocity (u, centimeters per second), the pressure drop (AP, grams per centimeter per square seconds), the friction factor (f, a dimensionless parameter), the viscous or laminar sublayer thickness (8, in (Fig. 1) , and the CLRS was filled with 20°C buffered tap water (BT). The BT solution (pH 6.8) contained 5 mM KH2PO4 and 5 mM K2HPO4. BT was added to the CLRS so that all air bubbles could be collected and removed via an access port. The pump was operated for 10 min at the predetermined voltage setting to produce the required shear stress. After the treatment, the tube was removed from the CLRS, drained, and placed in 20°C BT before its use in the transport assays.
Transport assay. The procedures used for the aspartate transport assays are described elsewhere (14) . Briefly, four shear-stress-treated stubs were incubated for 5 min at an appropriate aspartate concentration in 10 ml of an incubation solution containing the appropriate concentration of soluble L-aspartate (0.5 ml) and ca. 3.0 x 10-2 ,uCi of the tracer (L-[U-14C]aspartate) per ml in BT. Untreated controls were run for comparative purposes. Incubations were terminated with 1% buffered Formalin followed by three rinses of BT. Individual stubs were solubilized with a 1:1 Protosol (New England Nuclear Corp., Boston, Mass.)-ethanol mixture and counted with a Beckman 7000 liquid scintillation counter. Disintegrations per minute for each stub were used to calculate the incorporation velocities as a function of biofilm total organic carbon (TOC), as described elsewhere (14) . Velocities of incorporation were reported as nanomoles per hour per milligram of TOC. The kinetics of incorporation (K, and Vmax) were determined from a Lineweaver-Burk transformation of the data by a least-squares regression analysis to produce a line of best fit. Both Eadie-Hofstee and Hanes transformations were used for comparison.
TOC determinations. The TOC of the adhering biofilm was assayed as described elsewhere (14) by the ampoule method outlined for the Oceanography International model 526 TOC analyzer (Oceanography International Corp., College Station, Tex.). Previous work (T. T. Eighmy, unpublished data) indicated that there are no discernable changes in biofilm TOC between controls and biofilms subject to turbulent shear as long as the biofilms are initially rinsed to remove loosely bound bacteria.
Chemicals. L-[U-14C]aspartate (specific activity, > 200 mCi * mmol-1) and Protosol were purchased from New England Nuclear Corp., Boston, Mass. All other chemicals were reagent grade and were purchased from Sigma Chemical Co., St. Louis, Mo.
RESULTS
Biofilm characteristics and TOC. The biofilms consisted of a diverse group of firmly adhering gram-negative bacteria as shown elsewhere (14, 15 ). An extracellular slime mediated adhesion of the rods and filaments to the stub. Both 16-and 18-day-old biofilms were used in this study, which corresponded to 0.22 and 0.23 mg of TOC * cm2 of biofilm, respectively (14) . These biofilms were ca. 40 to 50 ,um thick, as determined by the optical focusing technique (15) . There were no apparent changes in biofilm composition or cell density after shear stress treatments. Filaments were still an integral part of the biofilm, and filaments are the morphological types most affected by fluid velocity (25) .
Aspartate incorporation by untreated biofilms. The aspartate incorporation velocities by untreated biofilms are shown in Fig. 2 . The inset graph is the actual plot of the velocity of incorporation versus aspartate concentration. The Lineweaver-Burk plot of that data is curvilinear, which indicated that both transport systems (systems 1 and 2) were present in the biofilm (14 s2) The average shear stress, To, associated with an Re of 11,297 was 3.1 N . m-2, and column height (in centimeters of water) was 4.80.
Aspartate incorporation by shear-stressed biofilms. The aspartate incorporation velocities by shear-stress-pretreated biofilms is shown in Fig. 3 . Pretreatment with a shear stress of 3.1 N * m2 for 10 min was sufficient to inactivate the binding-protein-mediated system and resolve the membranebound system. The kinetic constants for aspartate transport by the resolved system (system 1) are shown in Table 1 and are compared with other treatments (arsenate or osmotic shock) which inactivate binding-protein-mediated transport systems and which also inactivated system 2 and resolved system 1 in an accompanying study (14) . The Eadie-Hofstee and Hanes transformations of the data for system 1 based on shear stress inactivation of system 2 produced kinetic constants similar to those of the Lineweaver-Burk transformation (Table 1) .
DISCUSSION
This study shows that reactor turbulence is capable of inactivating the binding-protein-mediated aspartate transport system in wastewater biofilms. This work is significant in demonstrating that shear stresses associated with reactor turbulence can produce a subtle detrimental effect on the Table 1 for explanation of K,, Vmax, and r.
physiology of gram-negative bacteria which constitute an adhering wastewater biofilm.
We believe that shear stress was the mechanism for inactivating the binding-protein-mediated aspartate transport system (system 2) for the following reasons. (i) Biofilms subjected to shear stress before their incubations in the aspartate transport assays did not exhibit curvilinearity in Lineweaver-Burk transformed data, whereas unstressed controls possessing both systems did, indicating the loss of one transport system from the shear stress-treated biofilms.
(ii) The kinetics of aspartate incorporation by the resolved system (system 1) were statistically similar to the kinetic constants derived for system 1 after metabolic (arsenate) or osmotic shock treatments which were used to inactivate the binding-protein-mediated system (14) . A randomized complete block design analysis (27) of ranked K, or Vmax values revealed that there were no significant differences at the 0.01 "Based on linear regressions or subjective line of best fit on mean incorporation velocities from data presented previously (14) and in the legend to Fig. 3 .
b K,, Michaelis-Menten constant; Vmax, maximum velocity of the system. ' Refers to resolved system. d Refers to method used to resolve the system. e Methods of linearization of the data abbreviated as follows: LB, Lineweaver-Burk; EH, Eadie-Hofstee; and H, Hanes transformations.
f Correlation coefficient for linear regressed data; with EH plot, the goodness of fit is subjectively described by the following abbreviations: VG, very good; G, good. Table 1 .
Periplasmic binding proteins are soluble, single polypeptide chains with a molecular weight between 26,000 and 41,000 that facilitate active transport for a variety of substrates (12, 35, 38) . They are inactivated or removed from the periplasm by treatments which disrupt or increase the permeability of the lipopolysaccharide-containing outer membrane (17, 28, 33, 38) . Furthermore, the reconstitution of binding proteins into the periplasm requires an increase in the permeability of the outer membrane to allow the import of the proteins (1-3) , and lipopolysaccharide-deficient mutants of Salmonella typhimurium do not retain periplasmic enzymes because of the increased permeability of the lipopolysaccharide-deficient outer membrane (10) . We feel that fluid downsweeps (8) , which are associated with turbulent flow in the CLRS, applied shear forces to the adhering cells and their extracellular glycocalyces and caused the disruption of the binding-protein-mediated transport system by deforming the plastic outer membrane (11) .
There is evidence which supports our hypothesis that a shear stress of 3.1 N * m-2 is dynamic enough to buffet and deform the biofilm but not to detach the firmly adhering bacteria. Shear stress affects the rate of biofilm growth (25, 26) and detachment (4, 5, 32) . Fluid shear can also affect the microbial composition of the biofilm (25) . Shear stress increases from 2 to 15 N m-2 cause four-to fivefold increases in biofilm densities by squeezing pore water from the biofilm (7, 29) . Shear stresses of greater than 6 N * m2 drastically reduce the number of Pseudomonas fluorescens cells attempting to adhere to a substratum, and shear stresses of greater than 10 N * m-2 greatly increase the detachment rate of firmly adhered P. fluorescens (13) . Soil isolates also show a critical shear stress (between 2.6 and 5.4 N . m-2) below which significant deposition and adhesion occurs, depending on the surface properties of the substrata (16) . Adsorbed Bacillus spp., Escherichia coli, and S. typhimurium are also detached by shear stresses ranging from 1.1 to 44.0 N * 2 (30) . Very low shear stresses (0.092 and 0.8 N * m-2) can affect the residence time of Bacillus cereus cells which are deposited, adsorbed, and detached from a substratum under laminar flow conditions (31) .
In fixed-film wastewater treatment processes, increased fluid velocities are employed to increase reactor turbulence so that substrate removal rates can be improved (6, 19, 20, 22, 23, 36, 37) . The shear forces associated with these velocities, which can easily exceed the value of 3.1 N * m-2 used in this work, can inactivate the binding-protein-mediated transport systems in the biofilm bacteria. The implications of this are that biofilm bacteria may loose the ability to transport a substrate as a carbon source, thus impairing cell growth and maintenance functions. Although the susceptibility of these transport systems in shear stress-adapted biofilms needs to be determined, the implications of this research still apply to stream epilithic biofilms (18) , fouling biofilms in heat exchangers and water mains (7, 8) , and biofilms in immobilized cell reactors (21) . In conclusion, our results suggest that there are detrimental effects on biofilm physiology attributed to turbulent shear stresses in fixed-film systems.
